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DEVICE AND METHOD FOR REFLECTION AND 
DISPERSION OP X-RAYS 



BACKGROUND 

1. Field of the Invention 

This invention relates to soft x-ray optics and 
methods for reflection and dispersion of x-rays having 
wavelengths within the range of 5 to 32 angstroms. More 
particularly, it relates to preparation of x-ray mirrors 
15 and dispersion elements operable within this range of 
wavelengths in x-ray spectrometers and imaging and non- 
imaging systems. 

2. Prior Art 

The use of x-rays as an analytical tool is 

20 currently being applied in many fields of technology. 
X-ray spectroscopy, for example, enables elemental 
analysis by irradiation of a sample with high energy 
electrons, protons or photons to excite atoms which then 
emit characteristic x-rays whose wavelength values 

25 depend on atomic structure of the excited atom. Each 
element has a unique emission pattern which can be 
identified if the emitted radiation can be accurately 
detected. Obviously, such detection depends upon one's 
ability to differentiate differing wavelengths forming 

30 the emission. Typically, this is accomplished by 
processing the radiation through a system of reflection 
or dispersion elements for subsequent detection. 

Other applications of x-ray analysis arise because 
x-rays exhibit properties similar to those of light 

35 waves generally. Accordingly, x-ray optics have been 



PCT/US92/09308 

WO 93/09545 

lpp llea to d.v.lop imaging aPP^on. - 

biology, medical — ' » i0r0lith03taPhy ; ist " 
^ in ther.onucl.ar fu.ion, synchrotron «di.txo» 

^ „lat.d fie,-. Numerous devices have been 
5 aeveloped for implementing such applications and 
generally are -» « .cerate as the optical — 
tfcat reflect, refract or diffract the radiation. 

„ultilayer x-ray optic, as developed by Spiller 
an* Bar.ee. can be manufactured with ^tiple-layer. 
„ structure, hevin, e very small P~iod <i0 to 2 
^ • - -« consist, of on. leyer of 
Mt eriel having a low refractive index and a second 

.1 intact with the first layer, having 
layer in integral contact vira. 

. , ov These layers are stacked in 
a higher refractive index. These y 

15 multiples to develop an — reflectivity device 
^ch operate according to Brew's lav nX - 2d sin e. 

technology to ease te.se structures usually 
solves sputtering or vapor deposition of the desire, 
composition onto a substrate in the for. of a fun 
so layer, as used, herein, thin layer maans a layer which 
is sufficiently thin to he optically responsive to 
taltot x-ray radiation hy causing reflection, 
paction or diffraction. Typical layer thickness for 
x . ra vs with wavelength, within the range of S to 32 
25 angstroms will he free several angstroms to 
approximately 100 angstroms, such thin layers may also 
b . formed hy molecular beam epitaxy, atonic layer growth 
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and other methods of thin film deposition known within 
the art. 

The response of these multilayered, thin films to 
radiation is primarily affected by optical constants 
5 numerically represented by index of refraction and index 
of absorption values. The value of these optical 
constants within materials exposed to radiation within 
the soft x-ray region is determined by the electron 
density of the solid films and by electronic transition 

10 energy levels within the atoms. As a general rule, the 
heavy elements have relatively high indices of 
refraction and absorption, and the light elements have 
relatively low indices of refraction and absorption. 

In order to obtain high reflection from a 

15 multilayered optical device, the alternating layers are 
selected to maximize the difference in the index of 
refraction between materials comprising the respective 
layers while minimizing the absorption. In other words, 
a material having a low index of refraction is chosen as 

20 the composition for one layer and a composition with a 
high index of refraction is selected for the second 
layer. The multilayered configuration therefore 
provides an alternating sequence of materials whose 
respective indices of refraction are alternately high 

25 and low, generating a high degree of reflectivity. 

It is well known to use pure heavy metals or 
mixtures of heavy metals as the thin layer representing 
a high index of refraction. One such well known 
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material is elemental tungsten or tungsten alloy, 
contrasting low index materials are represented by 
carbon, silicon, boron and other similar compositions. 
Combinations of these materials have been used to 
provide a multilayered optics device; however, the 
response of such devices has not been optimized, except 
by implementation of very expensive processes which 
focus on the mechanics of generating smooth surfaces at 
the atomic scale. For example, current practice 
emphasizes use of single elements of metallic substance 
as the layer composition, with an expectation that 
materials formed of single elements are more likely to 
form a smoother surface layer with greater uniformity of 

layer thickness. 

A second focus of current fabrication procedure 
focuses on mechanical procedures for generating an 
abrupt interface between the respective layers. 
Typically, this has been viewed as a manufacturing 
problem. Specifically, it is recognized that high 
reflectivities which may be predicted by the difference 
in optical constants are not usually realized in the 
actual manufactured optical device. In fact, 

significant losses in reflectivity arise because 
diffusion and chemical reaction between the respective 
layers prevent formation of am abrupt boundary 
condition. This is particularly true within thin films 
as defined in this disclosure because the atomic 
diameters are significant compared to the thickness of 
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each layer. Consequently, any diffusion of material 
between layers or chemical reaction can result in a 
roughened interface. 

OBJECTS AND SUMMARY OF THE INVENTION 
5 it is therefore an object of the present invention 

to provide a device and method for enhanced reflectivity 
of a multi layered optics device operable within the soft 

x-ray region. 

It is a further object of this invention to provide 

10 a multilayered reflective device which offers enhanced 
reflectivity yet improved economy in manufacture. 

Yet another object of this invention is to provide 
an optical device for use with x-rays within the 
wavelength range of 5 to 32 angstroms, which greatly 

15 reduces the loss of reflectivity due to diffusion and 
chemical reaction between the layers of material. 

These and other objects are realized in a method 
for preparing a reflective device for x-ray radiation 
having a wavelength generally within the range of 5 to 

20 32 Angstroms. This method comprising the steps of 
selecting a substrate having a smooth surface suitable 
for supporting a reflective coating operable within the 
x-ray wavelength range of 5 to 32 Angstroms; and 
applying over the substrate a thin layer of nonmetallic 

25 composition comprised substantially of tungsten carbide 
as an interstitial compound or as a stoichiometric 
composition, possibly including some hydrogen. A thin 
layer of composition comprised substantially of boron 
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carbide or an e^valent L index material U then 
applied to the first layer, providing an abrupt 

*h. respective layers. Additional 
interface between the respecri * 

„ av be added in like manner to increase the 
layers may aaaeu 

5 effectiveness of ths devics. 

otacr objects »d feature, of the present mvent.on 
, m „. apparent to those s*ill.d in th. art. in view of 
following detailed description, teK« to oon.in.tion 
^th the accompanying drawing, wherein: 

Figure 1 depicts a graphic cross-ssction of a 
^tiiayer reflector including a strata and 
alternating thin layers of material having high and low 
refractive indexes respectively. 

Figu r. a snows a graph illustrating the th.oret.eal 
1S reflectivities of -C/B.C and W/Si over the wavelength 
rang, of 0 to 3S angstroms, using Vinogradov. 

approximation methods. 

OETUIED DMCRIPTIOS OT THE HVBBIOI. 

Wg urs 1 -how. a graphic cross section of 
2 0 alternating layers of material reprinted by "a" and 
two of such layer, comprise a period 10 which has 

bv the distance M d". These 
a thickness represented by «ie 

multiple Lyers are position- over a substrata 11, 
mfcioh nay he silicon or composition of other smooth 
2S surface whose physical characteristic, are suitable for 
^^orti™ a reflective coating operahl. within the x- 
ray wavelength rang, of 5 to 12 angstroms. This 
strata is illustrated as a planar surface 1Z, 
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however, it will be known to those skilled in the art 
that curved surfaces and contours can likewise be 
utilized, provided the surface characteristics are 
suitable for reflection. 
5 This construction begins with a first layer of A or 

B identified as item 13. Additional layers are 
deposited, one upon another, in alternating sequence as 
illustrated. It should be noted that the sequence can 
begin with either A or B, as long as the alternating 
10 order is maintained. The number of layers may be as 
small as 2, when used as a beam splitting system, or as 
many as 100 or more. The number of layers will be 
determined, in part, by the extent of reflectivity 
desired. 

15 superimposed over the multilayered matrix are 

reflected arrows 14 representing reflections of incident 
radiation 15. These reflections are dictated by the 
well known Bragg equation as shown at the top of figure 
1. 

20 The present inventors have discovered that the use 

of nonmetallic tungsten, such as tungsten carbide 
provides surprising enhancement to the reflectivity of 
such a multilayer reflective device as is illustrated in 
figure l. As used herein, "tungsten carbide" includes 

25 both nonstoichiometric compounds wherein the tungsten 
and carbon are in interstitial configuration, as well as 
tungsten and carbon in stoichiometric relationships. It 
may also include some hydrogen. The effectiveness of 
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XL. Prior art use or b~vy ~ ~» ^ 

that tungsten and tungsten alloys are 
it is known that xuny^ 

^. the high index refraction 

appropriate composition for tne nig 

it would not be anticipated that a 

laver; however, i*- wou . . . D 

^lic compound such as tungsten carbide 

refractory nonmetallxc compo octivity 

xa have equivalent or even better reflectivity 

WO uld have ^ Qf ^ muxtilayered optics 

device. Thi. now appears to be the ease. 

« has also baan discovered that sons hydrogen 
atons nay be included within the tungstsn car^e 
^ial without adversely arreting it. 
^ nervation is significant in vis- or the fact that 
th. nethod or fabricating the tungsten 
^ the use of ethane or other active hV-cerhoo. 

^ („ some hydrogenation within the 
which may result m some ny 

^utalUc tungstan carbine composition. 

« has also basn disco«red that this composition 
of tungstan. oarbon and hydrogen need not be in 
atoichionetric relationship, but in raot .ay be either 
stoichiometric or nonstoichionetrio in co^sition. 
, ^ly.arep-entative former - - 
comprised of tungst«, oarbide would be W, C, H, wh 
has a value greater than 0 and lees than 3. y has a 
ralue greater than 0 and lass than 4 and z has a value 
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within the range of 0 to 2y. Although the tungsten 
carbide composition alone appears to have general 
effectiveness in proving ref lectivity, the use of 
tungsten, carbon, and perhaps hydrogen in these relative 
5 amounts appears to provide excellent response within the 
specific range of wavelengths from 5 to 32 angstroms. 

The nonmetallic tungsten carbide composition is 
deposited on the substrate 11 by any method of 
deposition which will apply a uniform, thin layer. This 
10 layer may be as thin as several atomic diameters or may 
range up to 100 angstroms or more* The method disclosed 
in the preferred embodiment applies sputtering 
techniques which are well known in the industry. 
Specifically, DC magnitron sputtering guns are directed 
15 toward a tungsten target in the presence of a reactive 
hydrocarbon. The specific hydrocarbon used in the 
present case was methane. This gaseous environment also 
includes a noble gas, such as argon. Using this basic 
technique and a twelve percent methane concentration at 
20 a total pressure of 1.5 mtorr, multilayers including 
tungsten carbide compositions embodying some of the 
formulations set forth above for tungsten, carbon and 
hydrogen have been produced. Tests of these multilayers 
have been shown to have higher reflectivity than has 
25 previously been reported for use with just tungsten or 
tungsten alloys without the nonmetallic character of 
tungsten carbide. This has been confirmed particularly 



PCT/US92/09308 

WO 93/09545 

10 

in connection with magnesium and sodium ka x-ray 
emissions. 

These tests were run using a low index or 
refraction layer comprised of boron carbide in 
S combination with the above identified tungsten carbide. 
This boron composition was fabricated in a similar 
manner utilizing sputtering techniques wherein the 
target of B 4 C was used. The formula for the composition 
of the boron carbide layer is Specific values for 

10 these subscripts are »d« values greater than 0 but less 
than 4, w e M values greater than 0 but less than 3, and 
values witbin the range of 0 to 2e for the subscript f . 
The presence of hydrogenated materials in this layer can 
reduce the density of the boron carbide, further 

15 enhancing reflectivity over that of stoichiometric B 4 C. 
Assuming the embodiment of figure 1 starts with layer A 
being that of tungsten carbide, layer B would comprise 
boron carbide, with alternating layers following 
sequentially. 

2 Q The reflective device manufactured in accordance 

with the procedure outlined above was compared with a 
prior art tungsten/silicon multilayer system and showed 
surprising improvement. For example, figure 2 shows the 
theoretical reflectivities of tungsten carbide with 

25 boron carbide 20 and tungsten with silicon 21 as the 
respective layers of the multilayer configuration. The 
graph of figure 2 shows these theoretical reflectivities 
over the wavelength of 0 to 35 angstroms. These were 
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calculated using Vinogradov's approximation and 
optimized for layer thickness in the ratio between the 
high index layer and the bilayer period at each data 
point. The curve shows that the two material systems 
5 are very similar over this wavelength range, with high 
reflectivities for the tungsten carbide/boron carbide 
compositions for wavelengths shorter than the tungsten 
absorption edge at 6.6 angstroms, and slightly lower 
reflectivities for longer wavelengths. The difference 
10 between the two material systems, however, is 
insignificant because manufacturing defects account for 
much more variation than this. Therefore, based on 
theoretical comparisons, the tungsten carbide/boron 
carbide multilayered device should perform approximately 
15 equal to the W/Si device. 

Nevertheless, measurements of actual reflectivity 
as compared to theoretical values demonstrated the 
combination of tungsten carbide with boron carbide to be 
more than twice as reflective as metallic tungsten with 
20 silicon. Specifically, whereas theoretical reflectivity 
of tungsten and silicon layers was 47.1% based on a 
composition identified for laboratory purposes as S366, 
actual reflectivity only measured 18%. In contrast, 
actual reflectivity for the tungsten carbide/boron 
25 carbide multilayered device was 44.1%, compared to the 
theoretical value of 51.2% Therefore, the process and 
device of the present invention yielded over 80% of the 
theoretical reflectivity, whereas the prior art 
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tungsten/silicon combination provided only 38% of the 
predicted reflectivity . 

It is believed that part of the improvement 
experienced by the present invention arises from 
5 probably reaction of tungsten and silicon to form 
tungsten silicides which roughen and blur the interface, 
preventing the multilayer from achieving high 
performance. The use of tungsten carbide inhibits such 
reaction and preserves the desired abrupt interface 
10 between thin layers. 

In addition to the enhanced reflectivity realized 
with the tungsten carbide composition, the use of boron 
carbide offers several benefits over the prior art use 
of silicon. Specifically, the presence of silicon in 
15 such multilayered devices is a disadvantage in x-ray 
fluorescence spectroscopy in certain applications, such 
as analysis of x-rays of the elements N, O, F, Ne, Na, 
Mg, Al, Si, P, and S. In analyzing materials containing 
a high percentage of calcium, the calcium ka radiation 
20 will excite the silicon in the multilayer, which will 
then emit silicon ka radiation. This will be detected 
directly by the x-ray detector, causing a high 
background against which low percentages of sodium and 
magnesium are difficult to measure. The present 
25 invention overcomes this deficiency by using the boron 
carbide layer within the device* This advantage has 
particular utility in the cement industry, where such 



WO 93/09545 PCI7US92/09308 

13 

measurements are made in the presence of large 
percentages of calcium. 

Although the preferred embodiments of this 
invention has been set forth, it is to be understood 
5 that this is by way of example, and is not to be 
considered limiting with respect to the claimed 
invention set forth hereafter. 
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C It A X M S 

1. A method for preparing a reflective device for x-ray 
radiation having a wavelength approximately within the 
range of 5 to 32 Angstroms, said method comprising the 
5 following steps of a> plus the subsequent steps of b) 
and c) in any order: 

a) selecting a substrate having a smooth surface 
suitable for supporting a reflective coating operable 
within the x-ray wavelength range of 5 to 32 Angstroms; 
10 *>) applying over the substrate a thin layer of 

nonmetallic composition comprised substantially of 
tungsten carbide; 

c) applying to the previous layer of tungsten 
carbide a thin layer of composition optically compatible 
15 with the tungsten carbide and having a comparative low 
index of refraction therewith. 

2. A method as defined in claim l r further comprising 
the step of repeating steps b) and c) sequentially to 
form a multiple layered device. 
20 3. A method as defined in claim 2, comprising the more 
specific step of applying at least one of the thin 
layers of composition by reactive ion sputtering 
techniques. 

4. A method as defined in claim 3, comprising the more 
25 specific step of applying the nonmetallic tungsten 
carbide composition by reactive ion sputtering of a 
tungsten target in an atmosphere of noble gas and 
hydrocarbon. 
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5. A method as defined in claim 1, comprising the more 
specific step of applying boron carbide composition as 
the low index of refraction layer. 

6. A method as defined in claim 5, comprising the more 
5 specific step of applying the boron carbide composition 

by reactive ion sputtering of a boron target in an 
atmosphere of noble gas and hydrocarbon. 

7 . A method as defined in claim 4 wherein the step of 
reactive ion sputtering is performed in an environment 

10 which includes methane as the hydrocarbon* 

8. A method as defined in claim 6 wherein the step of 
reactive ion sputtering is performed in an environment 
which includes methane as the hydrocarbon. 

9. A method as defined in claim 1, further comprising 
15 the steps of: 

a) positioning the substrate with applied layers 
of tungsten carbide and boron carbide compositions 
within an x-ray wavelength dispersive spectrometer; and 

b) processing a specimen within the spectrometer 
20 for detection of a predetermined element. 

10. A method as defined in claim 9, comprising the more 
specific step of processing the specimen with the x-ray 
spectrometer for detecting an element selected from the 
group of elements consisting of nitrogen, oxygen, 

25 fluorine, neon, sodium, magnesium, aluminum, silicon, 
phosphorous and sulfur. 
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11. A device for reflecting and dispersing soft x-rays 
of wavelengths within the approximate range of 5 to 32 
angstroms, comprising: 

a substrate having a smooth surface suitable for 
5 supporting a reflective coating operable within the x- 
ray wavelength range of 5 to 32 Angstroms; 

a plurality of alternating thin layers respectively 
including boron carbide and nonmetallic tungsten carbide 
in either order and being positioned on the substrate as 
10 a reflective coating, each layer having a thickness 
which causes reflection or dispersion of x-rays within 
the range of 5 to 32 angstroms which are incident upon 
the layers. 

12. A device as defined in claim 11 , wherein at least 
15 one of the layers including nonmetallic tungsten carbide 

also includes hydrogen. 

13. A device as defined in claim 11, wherein at least 
one of the layers including boron carbide also includes 
hydrogen. 

20 14. A device as defined in claim 11, wherein at least 
one of the layers including tungsten carbide is 
represented by the formula W X C^ wherein W represents 
tungsten and alloys thereof, C represents carbon and H 
represents hydrogen, x having a value greater than 0 and 
25 less than 3, y having a value greater than 0 and less 
than 4, and z having a value within the range of 0 to 
2y. 
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15, A device as defined in claim 11 , wherein at least 
one of the layers including boron carbide is represented 
by the formula B d CJJf wherein B represents boron f C 
represents carbon and H represents hydrogen, d having a 

5 value greater than 0 but less than 4, e having a value 
greater than 0 but less than 3, and f having a value 
within the range of 0 to 2y. 

16. A product formed by the method as defined in claim 
1. 

10 17. A product formed by the method as defined in claim 
4* 

18 . A product formed by the method as defined in claim 
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